drogene atomique e t l e s a l c a l i n s , e s t a c t u e l l e m e n t un s u j e t accompli q u ' o n p e u t t r a i t e r p a r des modeles t h e o r i q u e s r i g o u r e u x . Cet a r t i c l e e s t consacre l ' a n a l y s e de l ' i o n i s a t i o n m u l t i p h o t o n i q u e d'atomes ayant p l u s i e u r s e l e ct r o n s s u r l a couche externe, e t t o u t p a r t i c u l i e r e m e n t l e s gaz r a r e s . I 1 en r e s u l t e 1 1 6 m i s s i o n de p l u s i e u r s e l e c t r o n s , e t l a p r o d u c t i o n d ' i o n s m u l t icharges. Dans l e xenon, p a r exemple, on p e u t c r e e r des i o n s j u s q u ' a ~e 5 + . Les i o n s doublement charges s o n t formes, s o i t p a r e x c i t a t i o n simultanee de deux e l e c t r o n s de l ' a t o m e , s o i t p a r 1 1 i n t e r m 6 d i a i r e d ' i o n s charges une f o i s , s e l o n 1 ' e c l a i r e m e n t e t l a frequence du rayonnement l a s e r u t i l i s e . Les p r ocessus fondamentaux mis en j e u s o n t beaucoup p l u s complexes que dans l e cas d'atomes a un e l e c t r o n . Un nouveau modele t h e o r i q u e devra e t r e elabore, pour
i n t r o d u i r e l e s c o r r 6 l a t i o n s d ' e l e c t r o n s . E n f i n , l a d e r n i e r e p a r t i e de c e t a r t i c l e e s t consacree une d e s c r i p t i o n s u c c i n c t e de l a c o m p e t i t i o n o u i a p p a r a i t a haute p r e s s i o n e n t r e l ' i o n i s a t i o n m u l t i p h o t o n i q u e resonnante e t l a g e n e r a t i o n d ' u n e frequence harmonique i m p a i r e du l a s e r u t i l i s e .
A b s t r a c t -M u l t i p h o t o n i o n i z a t i o n o f o n e -e l e c t r o n atoms, such as atomic hydrogen and a l k a l i n e atoms, i s w e l l understood and c o r r e c t l y described b y r i g o r o u s t h e o r e t i c a l models. The p r e s e n t paper w i l l be devoted
t o c o l l is i o n l e s s m u l t i p h o t o n i o n i z a t i o n o f many-electron atoms as r a r e gases. I t induces removal o f several e l e c t r o n s and t h e p r o d u c t i o n o f m u l t i p l y charged ions. Up t o ~e 5 + i o n s a r e produced i n Xe atoms. Doubly charged i o n s can be produced, e i t h e r by simultaneous e x c i t a t i o n o f two e l e c t r o n s , o r b y a stepwise process v i a s i n g l y charged ions. T h i s depends on t h e l a s e r i n t e ns i t y and t h e photon energy. The b a s i c i n t e r a c t i o n processes i n v o l v e d a r e c o n s i d e r a b l y more complicated than f o r one-electron atoms. A new theoret i c a l model has t o be developed t o t a k e i n t o account e l e c t r o n c o r r e l a t i o n e f f e c t s . F i n a l l y , t h e l a s t p a r t o f t h e p r e s e n t paper w i l l g i v e a b r i e f d e s c r i p t i o n o f t h e c o m p e t i t i o n which occurs a t h i g h atomic d e n s i t y between resonant m u l t i p h o t o n i o n i z a t i o n and g e n e r a t i o n o f odd harmonics o f t h e l a s e r r a d i a t i o n .

I -INTRODUCTION C o l l i s i o n l e s s mu1 t i p h o t o n i o n i z a t i o n o f atoms i s a t y p i c a l example o f one o f t h e new f i e l d s o f i n v e s t i g a t i o n i n atomic p h y s i c s t h a t l a s e r s have opened up. The d i f f e r e n t aspects o f t h e m u l t i p h o t o n i o n i z a t i o n o f
o n e -e l e c t r o n atoms have been w e l l understood these l a s t few years. They can be c o r r e c t l y d e s c r i b e d by r i g o r o u s t h e o r e t i c a l models i n t h e framework of p e r t u r b a t i o n t h e o r y when o n l y one e l e c t r o n i s assumed t o be i n v o l v e d i n t h e i o n i z a t i o n / 1-5 /. A l k a l i n e atoms which have o n l y one e l e c t r o n i n t h e o u t e r s h e l l , and of course atomic hydrogen, a r e t h e examples t h a t b e s t s a t i s f y t h i s c o n d i t i o n . F o r example t h e d i f f e r e n t aspects o f m u l t i p h o t o n i o n i z a t i o n o f cesium atoms now form a w e l l developed f i e l d . Accurate measurements o f a b s o l u t e values o f t h e two, t h r e e and four-photon i o n i z a t i o n c r o s s s e c t i o n s o f cesium atoms a r e i n good agreement w i t h c a l c u l a t e d values, and c l e a r l y emphasize t h e v a l i d i t y o f p e r t u r b a t i o n t h e o r y / 6 /. I n t h e same way, t h e r e i s a l s o a good
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1985111 agreement between t h e o r e t i c a l and experimental r e s u l t s on resonance e f f e c t s i n mu1 t i p h o t o n i o n i z a t i o n o f cesium atoms i n t h e moderate l a s e r i n t e n s i t y range, 107-l o 9 w.cm-2 / 7 /. Resonance e f f e c t s emphasize t h e i m p o r t a n t r o l e p l a y e d by l a s e rinduced atomic l e v e l s h i f t s . D e s t r u c t i v e i n t e r f e r e n c e e f f e c t s , which g i v e r i s e t o minima i n t h e m u l t i p h o t o n i o n i z a t i o n c r o s s s e c t i o n s o f atoms, have been i n v e s t i g a t e d w i t h a h i g h degree o f accuracy i n t h e two-photon i o n i z a t i o n o f Cs atoms / 8 /. T h i s e f f e c t has been s u c c e s s f u l l y used t o check t h e v a l i d i t y o f d i f f e r e n t c a l c u l a t i o n models. Furthermore, l a s e r temporal-coherence e f f e c t s induced by c h a o t i c f i e l d s i n c r e a s e t h e non-resonant N-photon i o n i z a t i o n r a t e by N!, i n good agreement w i t h t h e o r e t i c a l c a l c u l a t i o n s / 9 /. The resonance curves o b t a i n e d by i n c o h e r e n t l a s e r pulses a r e s h i f t e d and broadened w i t h r e g a r d t o those induced by coherent pulses w i t h t h e same average i n t e n s i t y / 9 /. F i n a l l y a b s o r p t i o n processes above t h e f i r s t i o n i z a t i o n t h r e s h o l d have been i n v e s t i g a t e d r e c e n t l y i n Cs atoms a t 1064 nm, i n t h e 101° -1011 w.cm-2 range. Cs atoms which can be i o n i z e d by t h e a b s o r p t i o n o f 4 photons can a l s o absorb 5 photons. The r a t i o o f t h e 5-photon t o t h e 4-photon a b s o r p t i o n r a t e , which i s about 10-2, i s i n good agreement w i t h a c a l c u l a t i o n performed i n t h e framework o f t h e p e r t u r b a t i o n t h e o r y / 10 /.
New t r e n d s i n m u l t i p h o t o n i o n i z a t i o n a r e now : m u l t i p h o t o n i o n i z a t i o n o f atoms which have several e l e c t r o n s i n t h e o u t e r s h e l l , m u l t i p h o t o n i o n i z a t i o n and d i s s oc i a t i o n o f molecules, and t h e c o m p e t i t i o n o f resonant m u l t i p h o t o n i o n i z a t i o n w i t h t h e g e n e r a t i o n o f odd harmonics a t h i g h atomic d e n s i t y . M u l t i p h o t o n processes i n molecules w i l l n o t be discussed here. The p r e s e n t paper w i l l be devoted A new t h e o r e t i c a l model has t o be developed t o t a k e i n t o account e l e c t r o n c o r r e l a t i o n e f f e c t s . F i n a l l y , t h e l a s t p a r t o f t h e p r e s e n t paper w i l l g i v e a b r i e f d e s c r i p t i o n o f t h e s i t u a t i o n when a c o m p e t i t i o n occurs between r e s o n a n t m u l t iphoton i o n i z a t i o n and a t h i r d harmonic generation. The i o n s r e s u l t i n g f r o m t h e l a s e r i n t e r a c t i o n w i t h t h e atoms i n t h e f o c a l volume a r e e x t r a c t e d w i t h a t r a n s v e r s e e l e c t r i c f i e l d o f 1 kV cm-1, separated by a 20 cm l e n g t h t i m e -o f -f l i g h t spectrometer, and then d e t e c t e d i n an e l e c t r o n m u l t i p l i e r . The l a s e r i n t e n s i t y i s a d j u s t e d i n o r d e r t o produce 1 t o 105 i o n s . The experiment c o n s i s t s o f t h e measurement o f t h e number o f i o n s corresponding t o d i f f e r e n t charges formed as a f u n c t i o n o f t h e l a s e r i n t e n s i t y .
2.1.1 -M u l t i p h o t o n i o n i z a t i o n o f Xe a t 532 nm F i g . 1 i s a t y p i c a l r e s u l t o f t h e m u l t i p h o t o n i o n i z a t i o n o f Xe a t 532 nm / 13 /.
Up t o ~e 5 + i o n s a r e formed. L e t us analyse t h e d i f f e r e n t processes which o c c u r when t h e l a s e r i n t e n s i t y I i s increased. F i g . 1 can be d i v i d e d i n t o two p a r t s . The f i r s t p a r t ( I < 1.5 x 1012 w.cm-2) i s c h a r a c t e r i z e d by a l a s e r -n e u t r a l atoms i n t e r a c t i o n , w h i l e i n t h e second p a r t ( I > 1.5 x 1012 w.cm-2) a l a s e r -i o n s i n t e r a c -
t i o n occurs. I n t h e f i r s t p a r t , t h e a b s o r p t i o n o f 6 photons by an atom l e a d s t o t h e removal o f one e l e c t r o n and t h e f o r m a t i o n o f a Xe+ i o n . T h i s process appears i n F i g . 1 through experimental p o i n t s j o i n e d b y a s t r a i g h t l i n e w i t h a s l o p e 6 because t h e 6-photon i o n i z a t i o n r a t e v a r i e s as I 6. When t h e l a s e r i n t e n s i t y i s i n c r e a s e d f u r t h e r , approaching t h e IS value, t h e a b s o r p t i o n o f 15 photons by an atom induces t h e simultaneous removal o f two e l e c t r o n s and t h e p r o d u c t i o n o f a xe2+ i o n . T h i s process appears i n F i g . 1 through experimental p o i n t s j o i n e d by a s t r a i g h t l i n e w i t h a s l o p e 15. The 6-photon and 15-photon i o n i z a t i o n processes d e p l e t e t h e number o f atoms c o n t a i n e d i n t h e i n t e r a c t i o n volume.
A marked change appears i n t h e slope o f t h e curves f o r b o t h Xe+ and ~e 2 + i o n s beyond t h e l a s e r i n t e n s i t y IS. T h i s s a t u r a t i o n i s a t y p i c a l e f f e c t which occurs i n m u l t i p h o t o n i o n iz a t i o n experiments when a l l t h e atoms i n t h e i n t e r a c t i o n volume a r e i o n i z e d . The i n t e n s i t y dependence o f b o t h curves o f Xe+ and ~e 2 + i o n s j u s t beyond IS a r i s e s from i o n s produced i n t h e expanding i n t e r a c t i o n volume when t h e l a s e r i n t e n s i t y i s increased f u r t h e r .
The second p a r t o f Fig 
b e s t h e i n t e r a c t i o n o f t h e l a s e r r a d i a t i o n w i t h ions, because t h e i n t e r a c t i o n volume i s f i l l e d up w i t h
Xe+ i o n s i n p l a c e o f atoms. A sudden i n c r e a s e i n t h e number o f ~e 2 + i o n s occurs when t h e l a s e r i n t e n s i t y i s increased f u r t h e r . T h i s comes f r o m t h e a b s o r p t i o n o f 10 photons b y a Xe+ i o n . T h i s removes one e l e c t r o n from t h e Xe+ and produces a ~e 2 + i o n . T h i s appears i n F i e . 1 t h r o u g h experimental p o i n t s j o i n e d b y a s t r a i g h t l i n e w i t h a s l o p e 10. Vhen t h e l a s e r i n t e n s i t y i s i n c r e a s e d f u r t h e r , t h e 10-photon i o n i z a t i o n o f Xe+ i o n s a l s o s a t u r a t e s and ~e 3 + , ~e 4 + and xe5+ i o n s a r e formed most l i k e l y t h r o u g h stepwise processes. T h i s means ~e 3 + i o n s a r e produced from xe2+ i o n s by a b s o r b i n g 14-photons. I n t h e same way, x e 4 j i o n s a r e produced from xe3+ i o n s by a b s o r b i n g 20 photons, and l i k e w i s e f o r xe5+ i o n s . To sump up, F i g .
i s a c l e a r p i c t u r e o f t h e response o f t h e e l e c t r o n s o f Xe atoms t o a h i g h l a s e r i n t e ns i t y . Each s t e p o f increased i n t e n s i t y g i v e s r i s e t o t h e removal o f an a d d i t i o n a l e l e c t r o n . I t should be n o t e d t h a t t h e 10-photon i o n i z a t i o n o f ~e + i o n s which produces Xe 2 + i o n s can be i n v e s t i g a t e d i n a w e l l d e f i n e d l a s e r i n t e n s i t r a n e. The corresponding 10-photon i o n i z a t i o n c r o s s s e c t i o n i s measured t o be
Ic-267 2 9. The u n c e r t a i n t y i n t h i s measurement comes m a i n l y f r o m t h e u n c e r t a i n t y o f t h e l a s e r i n t e n s i t y i n a b s o l u t e values. I t should be r e c a l l e d t h a t a g e n e r a l i z e d N-photon a b s o r p t i o n cross s e c t i o n i s expressed i n cmzN sN-1 u n i t s when t h e l a s e r i n t e n s i t y i s expressed i n number o f photons cm-2 s-1.
I t i s i n i t i a l l y amazing t o f i n d t h a t a m u l t i p h o t o n i o n i z a t i o n c r o s s s e c t i o n o f a s i n g l y charged i o n can be measured so e a s i l y w h i l e very few examples o f measurements o f p h o t o i o n i z a t i o n c r o s s s e c t i o n o f i o n s a r e f o u n d i n e x i s t i n g l i t e r a t u r e . Here t h e measurement i s easy because i t s t h e same 3
l a s e r p u l s e which produces b o t h a c l e a n Xe+ i o n t a r g e t w i t h a 1012 cm-d e n s i t y , and induces t h e 10-photon i o n i z a t i o n o f Xe+ i o n s .
-M u l t i p h o t o n i o n i z a t i o n o f Ne a t 532 nm F i g . 2 shows i n a l o g -l o g p l o t t h e v a r i a t i o n o f t h e number o f ~e +
and ~e~+ i o n s produced a s a f u n c t i o n o f t h e l a s e r i n t e n s i t y /13/. The Ne+ i o n c u r v e has a s l o p e o f t e n which i s c h a r a c t e r i s t i c o f a non-resonant 10-photon i o n i z a t i o n o f Ne atoms. ~e 2 + i o n s a r e produced i n a l a s e r i n t e n s i t y range f a r beyond t h e s a t u r a t i o n i n t e ns i t y v a l u e IS, t h a t i s when t h e i n t e r a c t i o n volume i s f i l l e d up w i t h Ne+ i o n s and no l o n g e r w i t h any Ne atoms. T h i s r e q u i r e s t h a t ~e 2 + i o n s a r e produced through an
18-photon i o n i z a t i o n o f Ne+ ions. T h i s i s confirmed b y t h e s l o p e 17 + 2 measured
on t h e ~e 2 + i o n curve. Here, t h e p r o b a b i l i t y o f p r o d u c t i o n o f ~e 2 + i 5 n s by a simultaneous e x c i t a t i o n o f two e l e c t r o n s i s much two l o w t o be measured. An i n t er e s t i n g comparison can be made between t h e 10-photon i o n i z a t i o n o f Ne atoms which produces Ne+ i o n s and t h e 10-photon i o n i z a t i o n o f Xe+ i o n s which produces ~e 2 + ions. The atomic process r e q u i r e s a l a s e r i n t e n s i t y 3.7 times h i g h e r than t h e i o n i c process, as shown i n F i g s . 1 and 2. I f t h e two processes were compared a t t h e same l a s e r i n t e n s i t y , t h e 10-photon a b s o r p t i o n r a t e i n t h e spectrum o f Xe+ i o n would be (3.7110 % 4.5 x 105 t i m e s h i g h e r than t h e 10-photon a b s o r p t i o n r a t e i n t h e spectrum o f Ne atoms. 
INTENSITY
Ground state
o f t h e v a r i a t i o n i n t h e number o f Xenon i o n s formed a t
532 nm as a f u n c t i o n o f t h e l a s e r i n t e n s i t y . ( b ) Schematic r e p r e s e n t a t i o n o f t h e number o f photons i n v o l v e d i n t h e p r o d u c t i o n o f m u l t i p l y charged i o n s .
-M u l t i p l y charged i o n s produced i n r a r e gases a t 1064 nm
The p r o d u c t i o n o f m u l t i p l y charged i o n s has a l s o been i n v e s t i g a t e d i n t h e f i v e r a r e gases a t 1064 nm / 12 /. L e t us c o n s i d e r here t h e two most d i f f e r e n t examples : Xe and He. F i g . 3 shows t h e v a r i a t i o n o f t h e number o f Xe+, Xe2+, Xe3+, Xe4+ and Xe5+ i o n s as a f u n c t i o n o f t h e l a s e r i n t e n s i t y . The general behavior i s s i m i l a r t o t h a t observed a t 532 nm, except f o r two p o i n t s . F i r s t , t h e two d i f f e r e n t processes
Ground state
LASER INTENSITY (~. c r n -~I F i g . 2 -The l a s e r i n t e n s i t y dependence o f Ne+ and ~e 2 + i o n s formed a t 532 nm.
o f p r o d u c t i o n o f xe2+ i o n s , namely t h e simultaneous t w o -e l e c t r o n removal f r o m Xe atoms, and t h e o n e -e l e c t r o n removal f r o m Xe+ i o n s a r e n o t so w e l l separated than a t 532 nm. Second, t h e p r o b a b i l i t y o f c r e a t i n g ~e ? + i o n s through a simultaneous t w o -e l e c t r o n removal f r o m Xe atoms i s 30 times l a r g e r here than a t 532 nm, a t t h e r e f e r e n c e i n t e n s i t y IS. A t s a t u r a t i o n i n t e n s i t y I s = 1.2 x 1013 W.cm-2 a t 1064 nm t h e p r o p o r t i o n o f Xe2+ t o Xe+ i o n s i s 1.5 x 10-2, whereas i t i s o n l y 5 x 10-4 a t IS = 8 x 1011 w.cm-2 a t 532 nm.
F i g . 4 shows t h e v a r i a t i o n o f t h e number o f He' and He2+ i o n s produced as a funct i e n o f t h e l a s e r i n t e n s i t y . 68 photons a t l e a s t have t o be absorbed by He t o produce He2+ i o n s which most probably comes from a simultaneous e x c i t a
t i o n o f t h e two e l e c t r o n s . T h i s c o n c l u s i o n i s supported by t h e f a c t t h a t s a t u r a t i o n o f b o t h He+
and He2+ i o n s occurs a t t h e same l a s e r i n t e n s i t y I .
-Discussion
A t h e o r e t i c a l one-el e c t r o n model has been used successful 1 y t o d e s c r i b e one e l ect r o n removal i n m u l t i p h o t o n i o n i z a t i o n o f atomic hydrogen and a l k a l i n e atoms i n t h e p a s t few years. However, such a model cannot be a p p l i e d b y m e r e l y e x t r a p o l a t i n g t h e l o w e s t o r d e r p e r t u r b a t i o n t h e o r y t o e x p l a i n t h e p r o d u c t i o n of m u l t i p l y charged i o n s induced i n many-electron atoms. I n t h i s r e s p e c t , t h e f o l l o w i n g example o f t h e prod u c t i o n o f doubly charged i o n s i s v e r y c o n v i n c i n g . The o n e -e l e c t r o n removal i n Xe atoms through 11-photon a b s o r p t i o n a t 1064 nm r e q u i r e s a l a s e r i n t e n s i t y o f 1013 W.cm-2. The -29-photon a b s o r p t i o n corresponding t o t h e p r o d u c t i o n o f ~e 2 + i o n s a t 1064 nm would r e q u i r e a l a s e r i n t e n s i t y o f 10 5 W.cm-2, a v a l u e a n t i c i p a t e d f r o m t h e l o w e s t o r d e r p e r t u r b a t i o n t h e o r y i n t h e o n e -e l e c t r o n model. T h i s i s a t v a r i a n c e LASER INTENSITY (~. c r n -* ) Fig. 3 -The l a s e r i n t e n s i t y dependence o f Xenon ions formed a t 1064 nm.
w i t h experimental r e s u l t s (Fig. 3) which show t h a t a l a s e r i n t e n s i t y o f 1.5 x 10 13 W.cm-2 i s enough t o produce ~e 2 + ions. F i g . 3 a l s o shows i n other terms t h a t t h e 29-photon absorption r a t e g i v i n g Xe2+ ions i s o n l y 100 times l e s s than t h e 11-photon absorption r a t e g i v i n g Xe+ ions a t 1.5 x 1013 W.cm-2.
The production o f m u l t i p l y charged ions through multiphoton absorption emphasizes both atomic p r o p e r t i e s and l a s e r c h a r a c t e r i s t i c s such as i n t e n s i t y , photon energy, pulse duration, e t c . . . Consequently the easy production o f mu1 t i p l y charged ions could be explained e i t h e r i n terms o f s p e c i f i c p r o p e r t i e s o f many-electron atoms, o r i n terms o f d i f f e r e n t mechanisms o f absorption o f photons i n a continuum o r i n the spectrum o f ions. L e t us consider successively the two independent approaches.
Ground state LASER INTENSITY (~. c r n -~)
F i g . 4 -The l a s e r i n t e n s i t y dependence o f He+ and ~e~+ i o n s formed a t 1064 nm.
-M u l t i p h o t o n a b s o r p t i o n and l a s e r c h a r a c t e r i s t i c s One o f t h e most i m p o r t a n t q u e s t i o n s t h a t faces us i s r e l a t e d t o t h e mechanism o f a b s o r p t i o n o f a v e r y l a r g e number o f photons, f o r example 68 photons a t 1064 nm t o produce ~e 2 + i o n s . T h i s problem c o u l d be somewhat s i m i l a r t o t h e m u l t i p h o t o n e x c it a t i o n o r d i s s o c i a t i o n o f l a r g e polyatomic molecules such as SF6 by u s i n g C02 l a s e r r a d i a t i o n . I n such molecules, i t i s w e l l known t h a t 30 t o 40 photons can be e a s i l y absorbed i n t h e dense m u l t i t u d e o f v i b r a t i o n a l s t a t e s . The quasicontinuum model p o s t u l a t e s t h a t due t o c o u p l i n g o f t h e v a r i o u s normal modes o f a l a r g e polyatomic molecule, t h e r e w i l l always be quasi-resonant s t a t e s a v a i l a b l e a t each s t e p o f t h e e x c i t a t i o n process. I n t h e same way, t h e very l a r g e N-photon a b s o r p t i o n r a t e g i v i n g r i s e t o doubly charged i o n s a t a h i g h l a s e r i n t e n s i t y c o u l d be e x p l a i n e d i n terms o f a stepwise i n c o h e r e n t a b s o r p t i o n process. A t h i g h i n t e n s i t y , one c o u l d d e s c r i b e t h e a b s o r p t i o n i n t h e continuum by t h e use o f r a t e equations.
Some s a l i e n t f e a t u r e s can be drawn from experimental r e s u l t s . I n a s i m p l i f i e d way ( F i g .
) , we have p l o t t e d t h e i o n i z a t i o n t h r e s h o l d i n t e n s i t y r e q u i r e d t o produce s i n g l y and doubly charged i o n s i n t h e f i v e r a r e gases a t 1064 nm, as a f u n c t i o n of t h e number N o f photons absorbed. By i o n i z a t i o n t h r e s h o l d i n t e n s i t y , we mean t h e l a s e r i n t e n s i t y which induces t h e p r o d u c t i o n o f a s i n g l e i o n and which i s d e r i v e d f r o m o r i g i n a l f i g u r e s . Curve 5a i s r e l a t e d t o a o n e -e l e c t r o n removal from a n e u t r a l atom. Curve 5b i s r e l a t e d t o a one-electron removal from a s i n g l y charged i o n , and c u r v e 5c t o a simultaneous t w o -e l e c t r o n removal from an atom. As a f i r s t observat i o n , l e t us c o n s i d e r a f i x e d l a s e r i n t e n s i t y , 1.8 x 1013 ~. c m -2 f o r example, and
NUMBER N OF PHOTONS ABSORBED
F i g . 5 -The i o n i z a t i o n t h r e s h o l d i n t e n s i t y which induces t h e f o r m a t i o n o f one i o n
as a f u n c t i o n o f t h e number N o f photons absorbed a t 1064 nm. Curve ( a ) r e l a t e s t o a o n e -e l e c t r o n removal from an atom. ( b ) r e l a t e s t o a o n e -e l e c t r o n removal from a s i n g l y charged i o n , and ( c ) t o a simultaneous t w o -e l e c t r o n removal f r o m an atom. l e t us move a l o n g a h o r i z o n t a l l i n e . A t t h i s i n t e n s i t y , one e l e c t r o n can be removed from A r through a 14-photon a b s o r p t i o n , one e l e c t r o n can be removed f r o m Xe+ i o n through a 19-photon a b s o r p t i o n , and two e l e c t r o n s can be s i m u l t a n e o u s l y removed from a Kr atom through a 34-photon a b s o r p t i o n .
I n t h e same way, c o n s i d e r a t i o n s based on a v e r t i c a l l i n e would show t h a t t h e a b s o r p t i o n r a t e o f a l a r g e number o f photons i s h i g h e r i n t h e d i s c r e t e spectrum o f an i o n than i n t h e d i s c r e t e spectrum o f an atom, and i s s t i l l h i g h e r when a simultaneous t w o -e l e c t r o n removal o f an atom occurs. F i g . 5 a l s o i l l u s t r a t e s l a s e r i n t e n s i t y e f f e c t s through t h e t h r e e l i n e s a, b, and c which d i v e r g e f r o m each o t h e r as N increases o r as t h e l a s e r i n t e n s i t y increases. L e t us g i v e an example drawn from F i g . 5 by a d i r e c t comparison o f experimental data shown i n F i g s . 1 and 4. I n a moderate i n t e n s i t y o f 1012 ~. c m -2 l e t us c o n s i d e r t h e o n e -e l e c t r o n removal from an Xe atom through a 6-photon a b s o r p t i o n a t 532 nm. The l a s e r i n t e n s i t y has t o be increased by a f a c t o r o f 4 a t t h e i o n t h r e s h o l d d e t e c t i o n t o induce t h e simultaneous removal o f two e l e c t r o n s from t h e Xe atom through a 15-photon a b s o r p t i o n . I n c o n t r a s t , a t a v e r y h i g h i n t e n s i t y o f 6 x 1014 W.cm-2, l e t us c o n s i d e r t h e o n e -e l e c t r o n removal from a He atom through a 22-photon a b s o r p t i o n a t 1064 nm. I n c r e a s i n g t h e l a s e r i n t e n s i t y b y 40 %, a t t h e i o n t h r e s h o l d d e t e c t i o n , i s enough t o induce t h e simultaneous removal o f t h e two e l e c t r o n s o f He atom through a 68-photon a b s o r p t i o n .
The photon energy seems t o p l a y an i m p o r t a n t r o l e i n t h e p r o d u c t i o n o f doubly charged i o n s through t h e simultaneous e x c i t a t i o n o f two e l e c t r o n s . F o r example, t h e p r o b a b i l i t y o f p r o d u c t i o n o f ~e 2 + i o n s through a simultaneous t w o -e l e c t r o n removal from Xe atoms i s 30 t i m e s l e s s a t 532 nm f o r 1012 ~. c m -2 than a t 1064 nm f o r 1013
~. c m -~, as shown by a comparison o f F i g s . 1 and 3. T h i s r e s u l t can most l i k e l y be e x p l a i n e d r a t h e r i n terms o f l a s e r wavelength t h a n i n terms o f l a s e r i n t e n s i t y , as exem l i f i e d by F i g . 2. T h i s f i g u r e shows t h a t a t 532 nm and a t h i g h l a s e r i n t e n s i t y (1019 W.cm-2) no ~e 2 + i o n s a r e produced by a simultaneous e x c i t a t i o n o f two e l e ct r o n s . Such a wavelength dependence i n t h e simultaneous e x c i t a t i o n o f two e l e c t r o n s l o o k s l i k e t h e w e l l known wavelength dependence i n t h e p h o t o i o n i z a t i o n c r o s s s e c t i o n o f Rydberg atoms. I n c o n t r a s t , t h e s e q u e n t i a l p r o d u c t i o n o f doubly charged i o n s through s i n g l y charged i o n s does n o t seem t o depend so s t r o n g l y on t h e photon energy.
-Atomic p r o p e r t i e s
I n m u l t i p h o t o n i o n i z a t i o n o f a many-electron atom, one can no l o n g e r c o n s i d e r t h e i n t e r a c t i o n o f t h e l a s e r r a d i a t i o n w i t h a s i n g l e e l e c t r o n , as one c o u l d f o r a onee l e c t r o n atom. F i r s t l y two e l e c t r o n s can be s i m u l t a n e o u s l y e x c i t e d and removed. Experimental r e s u l t s have shown t h a t such a process i s very s e n s i t i v e t o t h e l a s e r wavelength, and i s e s p e c i a l l y i m p o r t a n t when a l o n g wavelength l a s e r r a d i a t i o n i s used. Secondly, e l e c t r o n c o r r e l a t i o n e f f e c t s can l e a d t o a c o l l e c t i v e response o f t h e o u t e r s h e l l i r r a d i a t e d by an i n t e n s e l a s e r pulse. I n a c l o s e d s h e l l , several e l e c t r o n s c o u l d be e x c i t e d w h i l e t h e f i r s t o r two f i r s t e l e c t r o n s a r e removed f r o m t h e s h e l l . T h i s c o u l d e x p l a i n why an a d d i t i o n a l e l e c t r o n can be removed by i n c r e as i n g f u r t h e r t h e l a s e r i n t e n s i t y by a small amount.
F i g . 6 shows t h e v a r i a t i o n o f t h e maximum i o n charge s t a t e s produced a t 1064 nm and 193 nm i n t h e f i v e r a r e gases, as a f u n c t i o n o f t h e atomic number Z. The 193 nm
data used here a r e d e r i v e d f r o m a r e c e n t work b y Luk e t a l . / 15 /. F i g . 6 shows t h a t ~e 2 + and ~e 2 + i o n s a r e produced a t 1064 nm and n o t a t 193 nm. T h i s r e s u l t c o u l d be e x p l a i n e d by c o n s i d e r i n g t h a t ~e 2 + and ~e 2 + i o n s a r e produced a t 1064 nm through a simultaneous e x c i t a t i o n o f two e l e c t r o n s . I t was shown p r e v i o u s l y t h a t such a process i s v e r y s e n s i t i v e t o t h e l a s e r photon energy and c o u l d have probab i l i t y t o o l o w a t 193 nm t o be observed. Furthermore, a l a r g e amount o f energy can be t r a n s m i t t e d t o a many-electron atom through m u l t i p h o t o n a b s o r p t i o n processes. For example, 250 eV when ~e 6 + i o n s a r e produced.
As i s w e l l known, i n n e r s h e l l s have t o be considered, e s p e c i a l l y i n K r and Xe, i n m u l t
i p l e p h o t o i o n i z a t i o n by u s i n g Synchrotron R a d i a t i o n a t about 100 eV. Here, i t i s n o t p o s s i b l e t o draw any c o n c l u s i o n on t h e p o s s i b l e c o n t r i b u t i o n s o f an i n n e r s h e l l i n t h e p r o d u c t i o n o f m u l t i p l y charged i o n s a t 1064 nm, o r 532 nm. It c o u l d be assumed t h a t one goes g r a d u a l l y from a s i t u a t i o n c l o s e t o mu1 t i p l e p h o t o i o n i z at i o n when h i g h energy photons
(5-10 eV) a r e used t o produce m u l t i p l y charged i o n s w i t h consequently few photons absorbed a t moderate l a s e r i n t e n s i t y , t o a v e r y d i f f e r e n t s i t u a t i o n when l o w energy photons ( 1 eV) a r e used w i t h a very l a r g e numb e r o f photons absorbed by atoms a t v e r y h i g h l a s e r i n t e n s i t y . G e n e r a l l y speaking, we have t o c o n s i d e r how i n n e r s h e l l c o n t r i b u t i o n v a r i e s i n t h e response o f an atom which absorbs one 100 eV photon o r 100 photons w i t h 1 eV each.
To conclude t h i s d i s c u s s i o n , i t should be p o i n t e d o u t t h a t resonance e f f e c t s i n m u l t i p h o t o n i o n i z a t i o n r a t e s o f one-electron atoms have been i n v e s t i g a t e d i n d e t a i l over t h e p a s t few years / 10 /. These resonances a r e due t o s e l e c t i v e m u l t i p h o t o n e x c i t a t i o n o f an atomic s t a t e . An obvious q u e s t i o n a r i s e s here. I s i t p o s s i b l e , i n t h e same way, t o observe s e l e c t i v e m u l t i p h o t o n e x c i t a t i o n o f h i g h l y i n g energy i o n i c s t a t e s ? I f yes, i s i t p o s s i b l e t o g e t a l a r g e p o p u l a t i o n i n a s p e c i f i c s t a t e i n d u c i n g a p o p u l a t i o n i n v e r s i o n and a s t i m u l a t e d emission i n t h e extreme u l t r a v i o l e t w i t h a s i g n i f i c a n t g a i n ? Measurements o f t h e e l e c t r o n energy spectrum and o f p o s s i b l e extreme u l t r a v i o l e t r a d i a t i o n w i l l be performed i n t h e p r o d u c t i o n o f m u l t i p l y charged i o n s i n t h e near f u t u r e t o answer t h e afore-mentioned q u e s t i o n .
ATOMIC NUMBER Z
F i g . 6 -The maximum i o n charge s t a t e s produced i n t h e f i v e r a r e gases a t 193 and 1064 nm as a f u n c t i o n o f t h e atomic number Z. A t 1064 nm, xe2+ i o n s produced by simultaneous e x c i t a t i o n o f two e l e c t r o n s o f Xe atoms as shown i n F i g . 3, and t h e a b s o r p t i o n o f about t e n a d d i t i o n a l photons above t h e f i r s t i o n i z a t i o n t h r e s h o l d occur s i m u l t a n e o u s l y a t t h e same l a s e r i n t e ns i t y j u s t below t h e s a t u r a t i o n i n t e n s i t y IS. Consequently, an obvious q u e s t i o n a r i s e s . Are these two processes independent o r n o t ? A u n i f i e d t h e o r e t i c a l model should be developed i f these two processes a r e n o t independent.
-Doubly charged i o n s produced by m u l t i p h o t o n i o n i z a t i o n i n a l k a l i n e -e a r t h a toms
Previous experiments on t h e m u l t i p h o t o n i o n i z a t i o n o f a l k a l i n e e a r t h atoms have emphasized t h e p r o d u c t i o n o f doubly charged i o n s / 20, 21 /. A s t r i k i n g s i m i l a r i t y can be seen between F i g . 3 i n Xe i n t h e p r e s e n t paper and F i g . 2 o f Feldmann e t a l .
/ 21 / on Sr atoms, b o t h o b t a i n e d a t 1064 nm. I n b o t h cases, doubly charged i o n s appear b e f o r e t h e s a t u r a t i o n o f s i n g l y charged ions. T h i s supports t h e assumption o f a p r o d u c t i o n o f ~r 2 + i o n s through t h e simultaneous e x c i t a t i o n and removal o f t h e two e l e c t r o n s o f t h e o u t e r s h e l l . Experimental r e s u l t s o b t a i n e d i n Sr a l s o emphas i z e d t h a t t h e simultaneous e x c i t a t i o n o f t h e two e l e c t r o n s i s v e r y s e n s i t i v e t o t h e photon energy. For example a t 532 nm, Sr2+ i o n s a r e produced i n a l a s e r i n t e ns i t y range f a r beyond t h e s a t u r a t i o n i n t e n s i t y , t h a t i s when t h e i n t e r a c t i o n volume i s f i l l e d up w i t h Sr+ i o n s and no l o n g e r w i t h S r atoms. T h i s r e q u i r e s t h a t ~r 2 + i o n s a r e produced s o l e l y through a m u l t i p h o t o n i o n i z a t i o n o f Sr+ i o n s a t 532 nm. I n consequence, t h e p r o b a b i l i t y o f t h e simultaneous e x c i t a t i o n o f t h e two e l e c t r o n s decreases d r a m a t i c a l l y when t h e l a s e r wavelength decreases by a f a c t o r o f two. I n conclusion, a s t r i k i n g s i m i l a r i t y i s observed i n t h e p r o d u c t i o n o f doubly charged i o n s by m u l t i p h o t o n a b s o r p t i o n i n r a r e gases and a l k a l i n e e a r t h atoms. Other atoms a r e expected t o behave s i m i l a r l y .
-MULTIPHOTON IONIZATION AND ODD HARMONIC GENERATION
C o l l i s i o n l e s s m u l t i p h o t o n i o n i z a t i o n o f atoms has been w e l l d e s c r i b e d by t h e pert u r b a t i o n t h e o r y when atomic d e n s i t y i s l o w enough so t h a t atoms can be considered t o i n t e r a c t independently w i t h t h e l a s e r f i e l d . However, t h e d e s c r i p t i o n o f m u l t iphoton i o n i z a t i o n i s more complex when t h e atomic d e n s i t y i s increased so much t h a t odd harmonics a r e generated, and consequently s h o u l d be i n c l u d e d i n t h e o r e t i c a l t r e a t m e n t o f m u l t i p h o t o n i o n i z a t i o n .
Recent experiments performed i n Xenon / 22, 23 / and mercury / 24 / c l e a r l y e x h i b i t t h a t a t h i r d harmonic wave can be produced i n f i v e -p h o t o n i o n i z a t i o n when a three-photon resonance t a k e s p l a c e on t h e 6s s t a t e i n Xe o r t h e 6p l p l s t a t e i n Hg. T h i r d harmonic g e n e r a t i o n s t r o n g l y a f f e c t s t h e i o n i z a t i o n r a t e . Fig. 7 (a) i s a scheme f o r f i v e -p h o t o n i o n i z a t i o n i n Hg near a three-photon resonance on t h e 6p I p l s t a t e . A sample r e s u l t i s shown i n F i g . 7 ( b ) . The g l o b a l i o n p r o d u c t i o n , which should be l i n e a r versus pressure a t l o w pressure, s a t u r a t e s and t h e n decreases. Conversely, a VUV emission corresponding t o t h e t h i r d g e n e r a t i o n i s observed i n t h e f o r w a r d d i r e c t i o n a t a pressure as low as 10-4 T o r r . I n Xenon, a disappearance o f t h e i o n s i g n a l has even been observed when t h e pressure i s increased beyond 1 T o r r . Furthermore, t h e resonant i o n i z a t i o n p r o f i l e and t h e l i n e shape o f t h e t h i r d harmonic g e n e r a t i o n p r o g r e s s i v e l y broaden and a r e b l u e s h i f t e d as t h e pressure i s increased. D i f f e r e n t t h e o r e t i c a l models have been developed t o e x p l a i n t h e observed behaviour / 25-30 /. B r i e f l y , experimental r e s u l t s a r e e x p l a i n e d i n terms o f an i n t e r f e r e n c e between two d i f f e r e n t coherent channels t o t h e resonant s t a t e : t h e a b s o r p t i o n o f t h r e e l a s e r photons and a b s o r p t i o n o f one t h i r d harmonic photon. These two amplitudes can e x a c t l y cancel each o t h e r . The resonant l e v e l i s no l o n g e r populated, and t h e i o n i z a t i o n s i g n a l disappears. I n each model, c o l l is i o n a l e f f e c t s a r e n e g l e c t e d because they make a n e g l i g i b l e c o n t r i b u t i o n over t h e range o f pressures r e l e v a n t t o these experiments.
The example which has been d e s c r i b e d should n o t be considered as a r u l e . The press u r e a t which t h i r d harmonic g e n e r a t i o n becomes an i m p o r t a n t channel t o i n c l u d e i n t h e i o n i z a t i o n process depends s t r o n g l y on p h y s i c a l c o n d i t i o n s . I n a p r e v i o u s experiment t h e four-photon i o n i z a t i o n o f mercury atoms through t h e resonant t h r e ephoton e x c i t a t i o n o f t h e 7p l p l s t a t e has been i n v e s t i g a t e d / 24 /. I n t h i s exper i m e n t , no t h i r d harmonic g e n e r a t i o n has been observed when t h e Hg pressure i s increased, even a t 10-1 T o r r , and t h e i o n i z a t i o n s i g n a l does n o t d e p a r t from a l i n e a r pressure dependence. T h i s c o u l d be because t h e resonant 7p l p l s t a t e i s much more s t r o n g l y coupled ( b y a one-photon process) t o t h e continuum than t o t h e ground s t a t e . T h i s s t r o n g c o u p l i n g o f t h e resonant s t a t e t o t h e continuum does n o t f a v o u r t h e g e n e r a t i o n o f a t h i r d harmonic.
I n conclusion, m u l t i p h o t o n i o n i z a t i o n o f atoms has been m a i n l y i n v e s t i g a t e d so f a r a t l o w gas pressures l e s s t h a n 10-4 T o r r , w h i l e n o n l i n e a r o p t i c s have been i n v e st i g a t e d a t pressures t y p i c a l l y h i g h e r than 10 T o r r . An o v e r l a p between m u l t i p h o t o n
